In this paper, a sliding mode control algorithm is developed to synthesize nonlinear control system for aircraft systems with actuator faults. Two design parameters are used to deal with uncertainty caused by actuator faults and uncertainty in system dynamics separately. An adaptive algorithm is developed to accomodate these uncertainties without knowing exactly the bounds of these uncertainties. The stability of the overall control system is proved by using Lyapunov function. The effectiveness of the developed algorithms has been verified on the platform FTLAB747. 
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I. INTRODUCTION
Safety is an important issue in aircraft system. The increasing importance of fault tolerant control stimulates great interests and growing researches in the control community. Patton 1 gave the review of fault tolerant control and Zhang 2 listed the works and recent progresses in this field. The faults may occur in control equipments, sensors or system. Partial loss fault in actuator, which is a very common fault in aircraft systems, is considered in this paper. This kind of fault can be considered as uncertainty in the control gain. Robust control can be resorted to accommodate this kind of fault. Traditional robust control makes trade-off between performance and robustness.
3 Actuator fault may cause great change in the control gain, i.e., a great uncertainty may be caused by actuator fault. This great uncertainty will lead to unacceptable performance with traditional robust controller.
Sliding mode control is a kind of robust control that can deal with large uncertainty without sacrificing performance. It is an effective way of designing control system with features of reduced order synthesization and invariance to dynamics uncertainties and external perturbations. [4] [5] [6] [7] Sliding mode control is a nonlinear control method with discontinuous control around switching manifold, which leads to two different structures. 8 The whole system will take useful properties of each of the structures. These features make it suitable for fault tolerant control.
Since faults do not occur all the time (normally real system will mostly work under conditions without faults), uncertainties due to faults are not always in effect. In general, sliding mode control was synthesized with a design parameter in the discontinuous part of the control considering the uncertainty in the system dynamics and the uncertainty caused by actuator faults together. [9] [10] [11] This leads to significant control effort even there is no actuator fault. In a paper of Slotine 12 the uncertainties of system dynamics and control gain are separated but both lower and upper bounds of the uncertainty of control gain should be known. This paper develops a sliding mode control algorithm that deals with the uncertainties in system dynamics and control gain separately with only the upper bounds of the uncertainties. An extra design parameter is introduced in the discontinuous item of the control to deal with uncertainty caused by actuator faults.
For some applications the uncertainty bound of the system dynamics is hard to get. In fault tolerant control system the faults occur at unknown moments and with unknown magnitudes. This means the uncertainty of control gain may change greatly at unknown moments with unknown magnitude. This stimulates adaptive strategies in the sliding mode control. Adaptive algorithms were introduced into sliding mode control to accommodate unknown uncertainty bound in papers of Wheeler 10 and Alwi.
11 Adaptive mechanism was used on the uncertainty bound in Wheeler 10 and on the discontinuous control item in Alwi.
11 However, the adapted parameters of uncertainties consist of both uncertainties in system dynamics and those caused by actuator faults. This paper develops an adaptive sliding mode control method synthesized with two adaptive parameters which delt with uncertainties of system dynamics and control gain separately. This method did not need the exact values of the uncertainty bounds. Two adaptive parameters separate the control efforts to deal with uncertainties in system dynamics and incurred by actuator faults separately, which makes the system can work with best performance when there is no actuator fault.
The rest of this paper is organized as follows. In section II a sliding mode control is derived with separated uncertainties in system dynamics and control gain for affine nonlinear systems using Lyapunov method. Derivation of an adaptive sliding mode control and proof of its stability are provided in section III. Section IV introduces the aircraft model and the simulation platform FTLAB747. In section V the simulation results on simplified linear model and the platform FTLAB747 are given to show the effectiveness of the algorithms. Finally, a conclusion is drawn.
II. SLIDING MODE CONTROL WITH SEPARATED UNCERTAINTY BOUNDS
Consider nonlinear system:
where f (x), g(x) and h(x) are differentiable functions with relative degree of n, x ∈ R n , y ∈ R. The nonlinear system Eq. (1) can be transformed into companion form 8 as:
. . .
where
are Lie derivatives of corresponding functions. Define switching surface as:
Define system matrix and control gain as:
where A 0 is the nominal system matrix, b 0 is the nominal control gain, ∆A(x) and ∆b(x) are the uncertain system matrix and control gain. Here ∆b(x) represents the fault in actuator also. In this paper only partial loss fault in actuator is considered, which means the actuator will not loss its effectiveness completely. Thus we have the following assumption.
Assumption 1 The control gain has the following properties,
We assume the uncertainties of system matrix and control gain are limited to some constants.
Assumption 2 The uncertainty of system dynamics and the uncertainty caused by actuator faults are limited and satisfy,
where F > 0, L > 0 are some positive numbers. The derivative of the sliding manifold Eq. (6) is:
The sliding mode control algorithm with two design parameters to deal with uncertainty in system dynamics and uncertainty caused by actuator faults separately is shown below. 
is the normal control with knowledge of a priori normal model and
are the discontinuous control items. Design parameters ρ and γ are chosen as following:
Proof: Define Lyapunov function as:
The derivative of above function is:
Using the uncertainty bound assumption Eq. (9) we have:
If we design parameters ρ and γ as in Eq. (15) we have:
which shows the sliding manifold Eq. (6) is asymptotically stable. Thus the system can asymptotically track the desired reference y d (t). Here we use two design parameters to deal with uncertainties in system dynamics and control gain separately with only the upper bound of the uncertainties. An extra design parameter is introduced into the discontinuous control item to accommodate the uncertainty caused by actuator faults separately from the uncertainty in system dynamics. Figure 1 shows the structure schematic of this control method.
III. Adaptive Sliding Mode Fault Tolerant Control
For some applications not only the precise system model is hard to get, but also the uncertainty bound is hard to find. This is evident in fault tolerant control system. The faults may occur at uncertain moments and with unknown magnitudes. Hence for partial loss fault in actuator, the change in control gain of ∆b(x) is unpredictable. Adaptive method can be introduced here into the sliding mode control to accommodate the unknown uncertainty bound, and also the unpredictable partial loss fault in actuators. The uncertainty bounds are considered to be fixed, so adaptive method can be used. In fault tolerant control system, partial loss fault in actuator occurs at some unknown moments but the fault rate will keep fixed after the occurrence of the fault. So the uncertainty in the control gain caused by partial loss fault is fixed before and after the fault occurs. An adaptive sliding mode control synthesized with separated uncertainty bounds is proposed. Two adaptive mechanisms are designed to adapt separately the uncertainty bounds of system dynamics and control gain. This method avoids significant control effort initiated in the methods that the combined uncertainty bound is used. This is evident in fault tolerant control: when no fault occurs, no extra control effort will be exerted.
The adaptive sliding mode control synthesized with separated uncertainties is summarized as follows.
Theorem 2 For the nonlinear system Eq. (1) under control Eq. (11), sliding manifold Eq. (6) is asymptotically stable utilizing the following adaptive laws:
where a ρ and a γ are adaptive rates.
Proof: Define parameter errors as:
F > 0 and L > 0 are defined in Eq. (9) . Choose Lyapunov function as:
The derivative of this Lyapunov function w.r.t time is:
With Eq. (9) we have:V
From Eq. (21) we get:V < 0 which shows the sliding manifold Eq. (6) with the adaptive sliding mode algorithm is asymptotically stable. Thus the system can asymptotically track the desired reference y d (t). The adaptive sliding mode control algorithm proposed here is synthesized with two adaptive laws to adapt two parameters (ρ, γ), which clearly separated the uncertainties in system dynamics and in control gain. Thus the synthesization is clearly aimed and the control effort is not significant when there is small uncertainty in control gain. This is more evident in the fault tolerant control system where we can deal separately with uncertainty of system dynamics and the uncertainty caused by partial loss fault in actuator. Figure 2 shows the control structure of this control algorithm.
IV. Model of Civil Aircraft and
Simulation Platform FTLAB747
IV.A. Model of Civil Aircraft
B747 is a successful and typical civil aircraft. It has redundant control surfaces (four elevator segments, one trimmable stabilizer, four ailerons, twelve spoilers panels and two rudder segments) that make the B747 an ideal platform for fault tolerant control analysis and synthesization.
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The model of an aircraft is always described with aerodynamic coefficients obtained from wind tunnel tests. The aerodynamic coefficients are related to a wide set of parameters such as angle of attack, true airspeed, sideslip angle, altitude, control surfaces positions. 13 They are provided in lookup tables which are functions of those parameters. The high-fidelity aerodynamic data of the Boeing 747-100/200 aircraft are given in references of Hanke 14, 15 with lookup tables and graphs. It is hard to get an global analytical mathematical model from these lookup tables of aerodynamic coefficients. Around a trim point in a certain typical flight profile, we can get a perturbation nonlinear model and a linear model for the synthesization of control. The perturbation nonlinear model of level flight is as the following:
is the state variables vector of the aircraft, φ is roll angle, θ is pitch angle, ψ is yaw angle, V T AS is true airspeed, α is angle of attack, β is sideslip angle, p is roll rate, q is pith rate, r is yawing rate, A(x) is a matrix with elements of nonlinear functions of x and normal values at trim point, B is a constant control gain matrix, C is a constant output matrix, u is the positions of control surfaces. This is a simplified affine nonlinear system. If we neglect the nonlinear perturbation items, the model can be simplified as linear model as following:
where A is a constant system matrix.
IV.B. FTLAB747
The FTLAB747 is a software package running under MATLAB and Simulink. 17-20 It was developed for the research of fault tolerant control algorithms and fault identification algorithms. It was realized with data of B747-100/200 from Hanke.
14, 15
This paper uses this simulation platform to simulate the developed algorithms. The high fidelity simulation model in this platform package is a nonlinear model with look-up tables. It has 77 states incorporating rigid body variables, sensors, actuators and engine dynamics. All the control surfaces and engine dynamics are modeled with realistic position limits and rate limits. The specific aerodynamic coefficients was taken from Hanke. 15 The capability of this platform to test fault detection algorithms and fault tolerant control algorithms has been demonstrated by many researchers, such as Alwi, 11 Marcos 19 and Aravena. 21 The synthesization of the control algorithms in this paper is based on the model exerted from this platform.
IV.C. Longitudinal Model of B747 on Platform FTLAB747
This paper considers longitudinal motion of B747 at level flight profile. It is considered at 20000 feet and 0.65 Mach flight condition. The trim point is: h = 6096m, φ trim = 0rad, θ trim = 0.041rad, ψ trim = 0rad, V T AS = 205.1304m/s, α trim = 0.041rad, β trim = 0rad, δ stabtrim = 0.065rad, δ etrim = 0rad, δ atrim = 0rad, δ rtrim = 0rad.
The normal linear longitudinal model of B747 with aerodynamic coefficients from Hanke 15 without faults is given by: This model is used in the synthesization of the controller, the simulation is done on the FTLAB747 package.
V. Simulation and Evaluation
The longitudinal motion is considered to track a pitch rate command q d with partial loss fault of elevator and system uncertainties. The control was synthesized with model Eq. (28) and the simulation was done on this linear model and the FTLAB747 platform.
A pitch rate command q d (t) is generated from a reference model of the following:
where u com is pitch rate pulses of 1.0 sec duration with polarities of −, +, − and + at times of 0.0, 3.0, 6.0 and 9.0 sec respectively. We consider 50% partial loss of elevator. We also assume there is 10% uncertainties in system matrix A. Choose λ = 1, F = 0.02, L = 0.5, ρ = 0.04, γ = 1 in the sliding mode algorithm. Figure 3(a) shows the tracking performance with this sliding mode control method simulated on linear model Eq. (28). Figure 3(b) shows the tracking performance with the sliding mode control method simulated on FTLAB747. The solid line is the desired pitch rate profile and the dash dot line is the pitch rate output of the system with the sliding mode control.
The simulation results shows that, with this sliding mode control method, the aircraft can track the pitch rate command profile with small tracking error. The simulation results show that the adaptive sliding mode control algorithm can still track the desired command profile without using the exact uncertainty bounds. And the adaptive parameters converge to some fixed values separately. 
VI. CONCLUSIONS
A sliding mode control algorithm is developed with introduction of an extra design parameter in the discontinuous control item to accommodate uncertainty caused by actuator faults in affine nonlinear system. The controller can deal with different uncertainties, i.e., the uncertainty of system dynamics and the uncertainty of control gain caused by actuator faults respectively. An adaptive sliding mode control algorithms, with two adaptive parameters concerning with uncertainties of system dynamics and control gain, is developed without using exact bound values of the uncertainties. The simulation on FTLAB747 shows the effectiveness of both algorithms.
